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Modulation simulationAbstract Two N(4)-substituted thiosemicarbazones, anisoin- and furoin N(4)-methyl(phenyl)
thiosemicarbazone (AMPTSC and FMPTSC, respectively) have been tested as inhibitors on the
corrosion of mild steel in 1 M HCl solution using electrochemical impedance spectroscopy (EIS),
potentiodynamic polarization (PDP) methods, adsorption studies and surface morphological
studies. Polarization measurements revealed the mixed type inhibitor character. The inhibiting
action of these molecules is discussed in terms of blocking the electrode surface by the adsorption
of inhibitor molecules obeying Langmuir isotherm. The lowest corrosion rate was obtained with
FMPTSC. Surface morphological studies also gave unfailing results.
 2016 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).1. Introduction
The escalating industrialization has lead to the consumption of
more and more metals and non metals under different condi-
tions in assorted parts of life. Corrosion of metal is the degra-
dation of materials by electro chemical reactions. Use of
organic corrosion inhibitors is considered as the most effective
method for the protection of many metals and alloys from cor-
rosion [1–4]. Organic compounds containing electronegative
functional groups and p e systems are usually good inhibitors
of corrosion for many alloys and metals in corrosive environ-
ment. These organic systems can be adsorbed on the surface ofthe metal through the hetero atoms such as nitrogen, oxygen
and sulfur [5–8]. The structure and properties of the inhibitor
molecule such as functional groups, steric factor, molecular
size, molecular weight, molecular structure, aromaticity, elec-
tron density of the donor atoms and p-orbital character of
donating electrons affect the adsorption of corrosion inhibitor
on metal surface [9–13]. Schiff base molecule is reasonably a
good corrosion inhibitor due to the presence of nitrogen atom
as well as an imine functional group. In the case of thiosemi-
carbazones, in addition to nitrogen atoms, the presence of
sulfur atom, increase the inhibition efficiency of molecules.
The objective of this study is to investigate the effect of two
newly synthesized 1,2-diketone N(4)methyl(phenyl) substi-
tuted thiosemicarbazone derivatives on the corrosion of mild
steel in 1.0 M HCl solution.. Petrol.
2 S. John et al.2. Experimental
The molecules used in the present study are anisoin N(4)-met
hyl(phenyl)thiosemicarbazone (AMPTSC) and furoin N(4)-m
ethyl(phenyl)thiosemicarbazone (FMPTSC). Chemical struc-
tures of these thiosemicarbazone derivatives are depicted in
Fig. 1. In the present study, the experimental methods used
for corrosion studies are classified into four categories which
are potentiodynamic polarization, electrochemical analysis,
adsorption studies and surface morphological studies.
2.1. Materials
Mild steel strips with chemical composition (C-0.2%, Mn-1%,
P-0.03%, S-0.02% and Fe-98.75%) were used for electrochem-
ical measurements. Mild steel sheets having a size
48 mm  19 mm  1 mm were used. For electrochemical stud-
ies, same coupons having 1 cm2 area were used. All specimens
were cleaned using the procedure of ASTM standard G1-82
[14]. All tests were performed at room temperature. The inhi-
bitor concentrations chosen were 20, 40, 60, 80 and 100 ppm
in 1.0 N HCl.
2.1.1. Synthesis of 1, 3-diketone derivative of thiosemicarbazone
2.1.1.1. Preparation of N(4)-(methyl)phenylthiosemicarbazide
(MPTSC). N-methylaniline (10.7 cm3, 0.1 mol) was dissolved
in 20 cm3 of ammonia solution, cooled in ice bath, CS2
(7.6 cm3, 0.1 mol) was then added slowly to it, followed by
20 cm3 of ethanol, and the solution was stirred in an ice bath
for 2 h, and allowed to stand for another 1 h. 10 cm3 of
0.1 mol sodium chloroacetate was added, followed by 10 cm3Figure 1 Structure of th
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overnight. Concentrated HCl (20 cm3) was added. The com-
pound that precipitated out gradually was filtered and washed
with cold ethanol [15].2.1.2. Synthesis of AMPTSC
Anisoin (0.01 mol, 2.7 g) (Sigma Aldrich) and MPTSC
(0.01 mol, 1.8 g) in 50 cm3 ethanol were refluxed well for 2 h,
in the presence of P-toluene sulfonic acid as catalyst, on a
water bath. The mixture was concentrated to diminish the vol-
ume to half and kept for half an hour. The yellow precipitate
formed is filtered and washed with cold ethanol. (Yield: 1.45 g
(81%), mp 116 C).2.1.3. Synthesis of FMPTSC
MPTSC (0.005 M, 0.905 g) dissolved in hot ethanol (20 cm3)
was added to a solution of furoin (0.005 M, 0.96 g) (Sigma
Aldrich) in hot ethanol. Two drops of concentrated HCl was
added during onset of the reaction. After refluxing for 2 h on
a water bath, the mixture was cooled to room temperature.
The product furoin N(4)-(methyl) phenylthiosemicarbazone
was collected by suction filtration, washed with ethanol and
dried (Yield: 0.76 g (85%); m.p-165 C).
The structures of these compounds were confirmed by ele-
mental analysis using CHNS analyzer, FT-IR- and 1H-NMR
spectroscopic methods. The percentages of CHNS [observed
(calculated)] and prominent FT-IR- and 1H-NMR assign-
ments of the molecules are as follows:
AMPTSC: C: 66.93(66.20), H: 5.93(5.74), N: 9.54(9.65) and
S: 7.21(7.30).e inhibitor molecule.
(4)-substituted thiosemicarbazone in hydrochloric acid media, Egypt. J. Petrol.
Corrosion inhibition of mild steel 3FT-IR: 3528 cm1 m (OAH), 1597 cm1 m (C‚N),
1027 cm1 m (NAN), 835 cm1 m (C‚S).
1H-NMR (CDCl3): d 12.8 (AOH), d 7.9 (
2NH), d 3.7
(OCH3), d 3.4 (ACH), d 2.5(N-CH3), d 1.85 (SH).
FMPTSC: C: 59.98 (60.83), H: 4.37 (4.82), N: 11.34 (11.82)
and S: 8.89 (9.02).
FT-IR: 3370 cm1 m (OAH), 2949 cm1 m (NAH),
1616 cm1 m (C‚N), 833 cm1 m (C‚S). 1H-NMR (CDCl3):
d 8.3(NH), d 3.4 (OH), d 2.4(NCH3), d 1.8(CH), d 1.3 (SH).
2.2. Electrochemical analysis
A three electrode cell, consisting of a mild steel working elec-
trode, a platinum sheet with 1 cm2 surface area as counter elec-
trode and saturated calomel electrode was used as reference
electrode. The experiments were carried out in a beaker con-
taining 250 ml solution. For the measurements, a Gill AC
computer controlled electrochemical work station (ACM,
UK model No. 1475) was used. A stabilization period of
30 min was allowed for all electrochemical measurements.
Tafel plots [16–18] were obtained in the potential range from
250 to +250 mV with a sweep rate of 0.01 mV/s. EIS mea-
surements [19–21] were carried out in a frequency range of
10 kHz to 0.01 Hz with an amplitude of 10 mV using ac signals
at open circuit potential (OCP). All electrochemical tests were
normally repeated three times to confirm the reasonable
reproducibility.
2.3. Molecular dynamics (MD) simulation
The molecular dynamics (MD) simulation was performed
using Material Studio 43 software from Accelrys Inc. Fe
(100) plane was chosen for the simulation study. Adsorption
Locator enables one to simulate a substrate loaded with an
adsorbate or an adsorbate mixture of a fixed composition.
Adsorption Locator will be designed for the study of individ-
ual systems, allowing one to find low energy adsorption.
Adsorption Locator identifies possible adsorption configura-
tions by carrying out Monte Carlo searches of the configura-
tional space of the substrate–adsorbate system as the
temperature is slowly decreased. The interaction energy,
Einteraction, between the mild steel surface and the inhibitor
molecule was calculated as
Einteraction ¼ Etotal  Esurface þ Einhibitorð Þ ð1Þ
where Etotal is the total energy of mild steel and inhibitor mole-
cules. Esurface and Einhibitor are the energy of mild steel and inhi-
bitor molecules, respectively. The binding energy of the
inhibitor molecule is the negative value of the interaction
energy
Ebinding ¼ Einteraction:Figure 2 Anodic and cathodic Tafel lines for mild steel in
uninhibited 1 N HCl and with different concentrations of inhibitor
AMPTSC.2.4. Surface morphological studies
The morphology of the corroded surface of mild steel in the
absence and presence of inhibitor was studied using Digital
Microscope Imaging Scanning Electron Microscope model
SU6600 (Serial No: HI-2102-0003) with an accelerating volt-
age of 20.0 kV. All micrographs were taken at a magnification
of 500.Please cite this article in press as: S. John et al., Corrosion inhibition of mild steel by N
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3.1. Potentiodynamic polarization studies
Polarization measurements have been carried out to pool
information concerning the kinetics of anodic and cathodic
reactions. The potentiodynamic polarization curves for mild
steel in 1 N hydrochloric acid solution in the absence and pres-
ence of various concentrations of the inhibitor molecules are
shown in Fig. 2. The values of electrochemical kinetic param-
eters, like corrosion current density (Icorr) and Tafel slopes (ba
and bc), determined from these graphs by extrapolation
method are listed in Table 1. The corrosion inhibition effi-
ciency was calculated using the relation
%IE ¼ ICorr  ICorr
ICorr
 100 ð2Þ
where ICorr and Icorr are uninhibited and inhibited corrosion
current density, respectively, determined by extrapolation of
Tafel lines in the corrosion potential. In acidic solutions, the
anodic reaction of corrosion is the passage of metal ions from
the metal surface into the solution, and the cathodic reaction is
the discharge of hydrogen ions to produce hydrogen gas or to
reduce oxygen. The inhibitor may affect either the anodic or
the cathodic reaction, or both. Inspection of Fig. 2, shows that
the addition of AMPTSC or FMPTSC has an inhibitive effect
on both anodic and cathodic parts of the polarization curves
and shifts both the anodic and cathodic curves to lower current
densities. This may be ascribed to adsorption of the inhibitor
over the metal surface. Therefore, AMPTSC and FMPTSC
can be considered as a mixed type inhibitor.
The cathodic branch of polarization curve gives rise to par-
allel lines with the increasing inhibitor concentration while
cathodic corrosion current density decreases considerably.
This reveals that the addition of AMPTSC or FMPTSC does
not change the cathodic hydrogen evolution mechanism. The
decrease of H+ ions on the metal surface occurs mainly
through a charge-transfer mechanism. The suppression of the
cathodic process can be attributed to the adsorption of inhibi-
tor molecules on cathodic sites. Thus, addition of this inhibitor
reduces the metal dissolution as well as delays the hydrogen(4)-substituted thiosemicarbazone in hydrochloric acid media, Egypt. J. Petrol.
Table 1 Electrochemical parameters for corrosion of steel in different corrosive medium at 298 K obtained by Tafel plot method.
Inhibitor Conc:
(ppm)
Ecorr
(mV)
ba
(mV dec1)
bc
(mV dec1)
Icorr
(mA/cm2)
CR
(mmyr1)
IE
(%)
AMPTSC Blank 500 107 172 2.4247 28.102 –
20 455 70 143 0.7459 8.6462 69.23
40 457 64 142 0.6386 7.4024 73.66
60 462 64.4 107 0.3497 4.0536 85.57
80 474 62 99 0.3035 3.5182 87.48
100 480 51 74 0.2383 2.7626 90.17
FMPTSC 20 460 102 152 0.6203 7.1894 74.41
40 480 96 122 0.3316 3.8435 86.32
60 500 81 107 0.1452 0.6832 94.01
80 500 72 86 0.0342 0.3968 98.58
100 551 32 53 0.0201 0.2332 99.17
4 S. John et al.evolution reactions. In the anodic reaction, the inhibitor mole-
cule first gets adsorbed on the mild steel surface and blocks the
available reaction sites [22]. The surface coverage increases
with inhibitor concentration. The formation of surface inhibi-
tor film on mild steel surface reduces the active surface area
available for the attack of the corrosive media and delays
hydrogen evolution and metal dissolution and thus provides
considerable protection to mild steel against corrosion
[16,23]. The corrosion parameters derived from these curves
are listed in Table 1. It is clearly seen that the corrosion current
density (Icorr) and corrosion rate (CR) decrease considerably
with increasing concentration of the inhibitor due to the for-
mation of a barrier film on the mild steel surface, while inhibi-
tion efficiency increases with inhibitor concentration, and
maximum IE% is up to 90.17% at 100 ppm of AMPTSC
and 99.17% at 100 ppm of FMPTSC.
The adsorption of these inhibitors on metal surface is facil-
itated due to the presence of O, N, S and aromatic p electrons
on the inhibitor molecule and thereby blocking the reaction
sites. Thus without altering the mechanism of corrosion, sur-
face area for corrosion reaction is reduced due to the presence
of inhibitor molecule, thus reducing the rate of hydrogen evo-
lution and metal dissolution. The decrease in Icorr with increas-
ing inhibitor concentration shows the efficiency of FMPTSC
molecule as corrosion inhibitor reaching a maximum value,
at 100 ppm.
3.2. Electrochemical impedance spectroscopy
Impedance measurements were made under potentiostatic con-
ditions after 1 hour of immersion. Nyquist plots of uninhibited
and inhibited solution containing different concentrations of
inhibitor molecule were performed over a frequency range
from 0.01 Hz to 10,000 Hz and are shown in Fig. 3. The sim-
ilarity in the shapes of these graphs throughout the experiment
indicate that the addition of inhibitor molecule does not make
any change in the corrosion mechanism. The corresponding
Bode and impedance plots are shown in Fig. 3b & c. The
shapes of the graphs (Nyquist, Bode and impedance) remain
the same for these inhibitors and therefore, only the represen-
tative graphs are given in the text. The capacitive loop at highPlease cite this article in press as: S. John et al., Corrosion inhibition of mild steel by N
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cal double layer. The above impedance diagrams (Nyquist)
contain depressed semicircles with the center under real axis.
Such behaviors are characteristic of solid electrode and often
referred to frequency dispersion attributed to different physical
phenomenon such as roughness, inhomogeneities of the solid
surfaces, impurities, grain boundaries, and distribution of sur-
face active sites. The semicircle radii depend on the concentra-
tion of inhibitor added. The ideal capacitive behavior is not
seen in this case and hence a constant phase element (CPE)
is introduced in the circuit to give a more accurate fit
[17–19]. The simplest fitting is represented by Randles equiva-
lent circuit (Fig. 4), which is a parallel combination of the
charge-transfer resistance (Rct) and the constant phase element
(CPE), both in series with the solution resistance (Rs). The
impedance function of a CPE can be represented as
ZCPE ¼ A1ðjxÞn ð3Þ
where A is the CPE constant (in Ω1Sncm2), i2 = 1, x is the
angular frequency (x= 2pf where f is the angular frequency)
and n is the CPE component which gives details about the
degree of surface inhomogeneity [20,24]. Evaluation of Table 2
shows that the values of Rct and Cdl have opposite trend at the
whole concentration range and it may be due to the formation
of a protective layer on the surface of the electrode. The double
layer between the charged metal surface and the solution is con-
sidered as an electrical double capacitor. The adsorption of
inhibitor molecule on mild steel surface decreases its electrical
capacity through the displacement of water molecule and other
ions originally adsorbed on the metal surface. The drop off in
Cdl value may be attributed to a decrease in local dielectric con-
stant or an increase in thickness of the electrical double layer.
This may be ascribed to the formation of a protective layer
on the mild steel surface [25] and trim down the extent of disso-
lution of metal [26]. Adsorption of these molecules occurs
because of the interaction energy between the metal surface
and the inhibitor is superior to the interaction energy between
the metal surface and the water molecules [27].This trend is in
accordance with Helmholtz model given by the equation
Cdl ¼ RR0A
d
ð4Þ(4)-substituted thiosemicarbazone in hydrochloric acid media, Egypt. J. Petrol.
Figure 3 (a) Nyquist plots for mild steel in 1 N HCl containing different concentrations of AMPTSC. (b & c) Bode and impedance plots
for copper in 1 N HCl containing different concentrations of AMPTSC.
Figure 4 Equivalent circuits used to fit for the EIS data mild
steel in 1 N HCl containing different concentrations of inhibitor.
Table 2 The Impedance parameter for the corrosion of mild
steel in 1.0 M HCl with and without different concentration of
AMPTSC and FMPTSC.
Inhibitor Conc:
(ppm)
Rct
(X cm2)
Cdl
(lF/
cm2)
ICorr
(mA/
cm2)
CR
(mmyr1)
IE
(%)
AMPTSC Blank 8.05 562.60 3.2042 37.5540 –
20 20.58 190.2 1.2675 14.61 60.88
40 22.52 186.9 1.2952 15.05 64.25
60 24.56 185.1 1.0621 12.31 67.22
80 25.23 159.0 1.0339 11.98 68.09
100 26.17 118.8 0.9968 11.55 69.92
FMPTSC 20 19.02 78.95 0.1372 1.590 57.58
40 44.91 43.29 0.0580 0.6732 82.07
60 51.71 44.56 0.0504 0.5847 84.43
80 94.11 36.90 0.0277 0.3212 91.44
100 115.3 45.05 0.0226 0.2622 93.02
Corrosion inhibition of mild steel 5where d is the thickness of the protective layer, R is the dielec-
tric constant of the medium, R0 is the vacuum permittivity and
A is the surface area of the electrode.
The equation used for calculating the percentage inhibition
efficiency is
%IE ¼ Rct  Rct
Rct
 100 ð5Þ
where Rct and Rct are values of the polarization resistance
observed in the presence and absence of inhibitor molecule,
respectively. Impedance parameters are summarized in
Table 2.
3.3. Adsorption studies
The selection of these inhibitor molecules was based on their
mechanism of action, for example their ability to donatePlease cite this article in press as: S. John et al., Corrosion inhibition of mild steel by N
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.05.012electrons. The adsorption of inhibitor at an electrode/
electrolyte interface may take place through displacement of
adsorbed water molecules at the inner Helmholtz plane of
the electrode, likely according to the following reaction
scheme.
Orgaq þ X H2Oads $ Orgads þ X H2Oaq
where X the size ratio, is the number of water molecules dis-
placed by one organic inhibitor molecule. Adsorption plays a
significant role in the inhibition of metallic corrosion by(4)-substituted thiosemicarbazone in hydrochloric acid media, Egypt. J. Petrol.
Figure 5 Langmuir adsorption isotherms for the inhibitor.
Figure 6 Modes of adsorption AMPTSC and FMPTSC on Fe
(100) plane.
6 S. John et al.organic molecules. Attempts were made to fit the h values to
various isotherms, including Langmuir, Temkin, Frumkin
and Flory–Huggins. By far, the best fit was obtained with
Langmuir isotherm [28–29]. The Langmuir isotherms gave a
straight-line graph for the plot of C/h Vs C. The straight line
obtained for the inhibitor molecule is given in Fig. 5. The
strong correlation (R2 = 0.9993 and 0.9949) confirms the
validity of this approach [30].
3.4. MD simulation
To understand the mechanism of interaction of these mole-
cules with mild steel in 1 N hydrochloric acid, molecular mod-
eling studies have been carried out which indicate a strong
molecular attraction between the metal surface and the indica-
tor molecules. The modeling studies were designed to examine
this relationship by predicting the inhibitor-metal surface
interaction that lead to optimal molecular binding on the metal
surface [2,31,32]. In Monte Carlo simulation, MDs were per-
formed on a system comprising of N(4)-substituted thiosemi-
carbazone, solvent molecules, and Fe (100) surface. Each N
(4)-substituted thiosemicarbazone derivative is placed on the
Fe (100) surface, optimized, and then MDs simulations were
performed. The Monte Carlo simulation process tries to find
out the lowest energy of the whole system. The output and
descriptors calculated by Monte Carlo simulation are pre-
sented in Table 3. The parameters presented in Table 3 include
total energy of the substrate–adsorbate configuration. The
total energy is defined as the sum of the energies of the adsor-
bate components, rigid adsorption energy, and deformation
energy. In this study, the substrate energy is taken as zero.Table 3 The outputs and descriptors calculated by Monte Carlo sim
plane.
Inhibitor Total energy/kJ mol1 Adsorption energy/kJ mol1 Rig
FMPTSC 6470.1 5853.2 468
AMPTSC 2359.2 1457.4 144
Please cite this article in press as: S. John et al., Corrosion inhibition of mild steel by N
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adsorption energy and deformation energy for the adsorbate
components. The rigid adsorption energy reports the energy,
in kcal/mol, released (or required) when the unrelaxed adsor-
bate components are adsorbed on the substrate. The deforma-
tion energy reports the energy released when the adsorbed
adsorbate components are relaxed on the substrate surface
dEad/dNi which defines the energy of substrate–adsorbate con-
figurations where one of the adsorbate components has been
removed. As can be seen from Table 3, FMPTSC has maxi-
mum total energy and rigid adsorption energy and it confirms
the experimental results. The close contact between the N(4)-
substituted thiosemicarbazone derivatives and Fe (110) sur-
face as well as the best adsorption configuration for the studied
compounds are shown in Fig. 6.
3.5. Morphological studies
The morphology of the corroded surface of each specimen was
studied using a Scanning Electron Microscope. The immersion
time of the electrodes for the SEM analysis was 3 h. All micro-
graphs of the corroded specimen were taken at a magnificationulation for adsorption of AMPTSC and FMPTSC on Fe (100)
id ad energy/kJ mol1 Deformation energy/kJ mol1 Atomistic :
dEad/dNi
0.7 1172.5 5853.2
5.9 1153.8 1457.4
(4)-substituted thiosemicarbazone in hydrochloric acid media, Egypt. J. Petrol.
Figure 7 SEM images of (A) blank mild steel, (B) in 0.1 N HCl without inhibitor, (C) in the presence of 100 ppm of AMPTSC and (D) in
the presence of 100 ppm of FMPTSC after 48 h.
Corrosion inhibition of mild steel 7of 500 lm. Fig. 7A shows the SEM image of a polished mild
steel surface. Fig. 7B shows SEM image of the surface of mild
steel after immersion in acid without inhibitor. This micro-
graph shows the effect of acid on surface damage. Fig. 7C
shows SEM image of the surface of mild steel immersed in acid
solution containing 100 ppm of AMPTSC and Fig. 7D shows
the surface of mild steel immersed in acid solution containing
100 ppm of FMPTSC. The faceting observed is absent in
Fig. 7C and D. The surface was free from pits and became vis-
ibly smooth. So it can be concluded that corrosion is much less
in the presence of inhibitors and a more polished surface was
obtained in the case of FMPTSC compared to AMPTSC
which in turn proves its higher inhibition efficiency.
4. Conclusions
The following conclusion can be drawn from the present study.
 FMPTSC was found to be a better inhibitor compared to
AMPTSC.
 Corrosion rate was found to be decreased with an increase
in inhibitor concentration and was more marked in the case
of FMPTSC.
 The Tafel plots point out that the compounds act as a
mixed type of inhibitor, but prefer to act more as cathodic
inhibitor.
 Double layer capacitance, Cdl values of solution with the
inhibitor molecules obtained from EIS spectra were lower
than the blank solution and were found to be decreasing
with increasing inhibitor concentration.Please cite this article in press as: S. John et al., Corrosion inhibition of mild steel by N
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.05.012 The adsorption of the molecule on mild steel surface fol-
lowed Langmuir isotherm at room temperature at all the
concentrations studied.
 The inhibitor molecules adsorbed on the metal surface
blocking the reaction sites. Higher surface coverage on the
metal surface was obtained with higher inhibitor concentra-
tions. Scanning electron microscopic results also confirmed
the adsorption of inhibitor molecules on the metal surface.
 From Monte Carlo simulation studies, FMPTSC showed
highest ability to adsorb on Fe (100) surface with highest
adsorption energy.Acknowledgment
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